Within a chiral constituent quark formalism, allowing the inclusion of all known resonances, a comprehensive study of the recent η photoproduction data on the proton up to E lab γ ≈2 GeV is performed. This study shows evidence for a new S 11 resonances and indicates the presence of an additional missing P 13 resonance.
Introduction
For several decades, the baryon resonances have been investigated 1 mainly through partial wave analysis of the "pionic" processes πN → πN, ηN , γN → πN , and to less extent, from two pion final states.
Recent advent of high quality electromagnetic beams and sophisticated detectors, has boosted intensive experimental and theoretical study of mesons photo-and electro-production. One of the exciting topics is the search for new baryon resonances which do not couple or couple too weakly to the πN channel. Several such resonances have been predicted 2, 3, 4 by different QCDinspired approaches, offering strong test of the underlying concepts.
Investigation of η-meson production via electromagnetic probes offers access to fundamental information in hadrons spectroscopy. The properties of the decay of baryon resonances into γN and/or N * → ηN are intimately related to their internal structure 3, 5, 6 . Extensive recent experimental efforts on η photoproduction 7, 8, 9, 10, 11 are opening a new era in this topic. The focus in this manuscript is to study all the recent γp → ηp data for E lab γ < 2 GeV (W ≡ E cm total < 2.2 GeV) within a chiral constituent quark formalism based on the SU (6) ⊗ O(3) symmetry. The advantage of the quark model for meson photoproduction is the ability to relate the photoproduction data directly to the internal structure of the baryon resonances. Moreover, this approach allows the inclusion of all of the known baryon resonances. To go beyond the exact SU (6) ⊗ O(3) symmetry, we introduce 12,13 symmetry breaking factors and relate them to the configuration mixing angles generated by the gluon exchange interactions in the quark model 5 .
Theoretical Frame
The chiral constituent quark approach for meson photoproduction is based on the low energy QCD Lagrangian
where ψ is the quark field in the SU (3) symmetry,
are the vector and axial currents, respectively, with ξ = e iΠf ; f is a decay constant and Π the Goldstone boson field. The four components for the photoproduction of pseudoscalar mesons based on the QCD Lagrangian are:
The first term in Eq. (2) is a seagull term. It is generated by the gauge transformation of the axial vector A µ in the QCD Lagrangian. This term, being proportional to the electric charge of the outgoing mesons, does not contribute to the production of the η-meson. The second and the third terms correspond to the s-and u-channels, respectively. The last term is the t-channel contribution and contains two parts: i) charged meson exchanges which are proportional to the charge of outgoing mesons and thus do not contribute to the process γN → ηN ; ii) ρ and ω exchange in the η production which are excluded here due to the duality hypothesis 13 . The u-channel contributions are divided into the nucleon Born term and the contributions from the excited resonances. The matrix elements for the nucleon Born term are given explicitly, while the contributions from the excited resonances above 2 GeV for a given parity are assumed to be degenerate so that their contributions could be written in a compact form 15 . The contributions from the s-channel resonances can be written as
where k = |k| and q = |q| represent the momenta of the incoming photon and the outgoing meson respectively, √ s is the total energy of the system, e
ho is a form factor in the harmonic oscillator basis with the parameter α 2 ho related to the harmonic oscillator strength in the wave-function, and M N * and Γ(q) are the mass and the total width of the resonance, respectively. The amplitudes A N * are divided into two parts 15, 16 : the contribution from each resonance below 2 GeV, the transition amplitudes of which have been translated into the standard CGLN amplitudes in the harmonic oscillator basis, Table 1 : Resonances included in our study with their SU (6)⊗O(3) configuration assignments.
and the contributions from the resonances above 2 GeV treated as degenerate, since little experimental information is available on those resonances. The contributions from each resonance to η photoproduction is determined by introducing 12 a new set of parameters C N * and the following substitution rule for the amplitudes A N * ,
so that
where M exp N * is the experimental value of the observable, and M qm N * is calculated in the quark model 16 . The SU (6) ⊗ O(3) symmetry predicts C N * = 0 for S 11 (1650), D 13 (1700), and D 15 (1675) resonances, and C N * = 1 for other resonances in Table 1 . Thus, the coefficients C N * give a measure of the discrepancies between the theoretical results and the experimental data and show the extent to which the SU (6) ⊗ O(3) symmetry is broken in the process investigated here.
One of the main reasons that the SU (6) ⊗ O(3) symmetry is broken is due to the configuration mixings caused by the one gluon exchange 5 . Here, the most relevant configuration mixings are those of the two S 11 and the two D 13 states around 1.5 to 1.7 GeV. The configuration mixings can be expressed in terms of the mixing angle between the two SU (6) ⊗ O(3) states |N ( 2 P M ) > and |N ( 4 P M ) >, with the total quark spin 1/2 and 3/2,
and
To show how the coefficients C N * are related to the mixing angles, we express the amplitudes A N * in terms of the product of the meson and photon transition amplitudes:
where H m and H e are the meson and photon transition operators, respectively. Using Eqs. (6) to (8), for the resonance S 11 (1535) one finds
Due to the Moorhouse selection rule, the amplitude < N (
where
− > state, and the ratio
is a constant determined by the SU (6) ⊗ O(3) symmetry. Using the same meson transition operator H m from the Lagrangian as in deriving the CGLN amplitudes in the quark model, we find R = -1 for the S 11 resonances and 1/10 for the D 13 resonances. Then, the configuration mixing coefficients can be related to the configuration mixing angles
C S11(1650) = − sin θ S (cos θ S + sin θ S ),
Results and Discussion
Our effort to investigate the γp → ηp process has gone through three stages.
In
. Those data allowed us to study the reaction mechanism in the first resonance region and led to the conclusion 12 that the S 11 (1535) plays by far the major role in this energy range.
Later, differential cross section data were released by the GRAAL collaboration 10 (244 data points for E lab γ = 0.732 to 1.1 GeV). Using the four data sets we extended our investigations to the second resonance region and performed a careful treatment of the configuration mixing effects. This work 13 led us to the conclusion that the inclusion of a new S 11 resonance was needed to interpret those data.
Finally, the third resonance region has just been covered by the CLAS g1a cross section measurements 11 (192 data points for E lab γ = 0.775 to 1.925 GeV). Within our approach, we are in the process of interpreting all available experimental results and report here our preliminary findings.
Below, we summarize the main ingradients of the starting point and the used procedure leadind to the models M 1 , M 2 , and M 3 (see Table 2 and Figs. 1 to 3):
• Mixing angles: Our earlier works 12, 13 have shown the need to go beyond the exact SU (6) ⊗ O(3) symmetry. To do so, we used the relations (12) to (15) for the S 11 and D 13 resonances and left the mixing angles θ S and θ D as free parameters.
• Model M 1 : This model includes explictly all the eleven known relevant resonances (Table 1) with mass below 2 GeV, while the contributions from the known excited resonances above 2 GeV for a given parity are assumed to be degenerate and hence written in a compact form 15 .
• Model M 2 : Because of the poor agreement between the model M 1 and the data above E lab γ ≈ 1 GeV, as explained below, and given our previous E=0.975 GeV ; W=1.646 GeV GRAAL ; E=0.981 GeV findings 13 , we introduce a third S 11 resonance with three free parameters (namely the resonance mass, width, and strength).
• Model M 3 : To improve further the agreement between our results and the data, we introduce a third P 13 missing resonance with three additional adjustable parameters.
• Fitting procedure: The free parameters of all the above three models have been extracted using the MINUIT minimization code from the CERN Library. The fitted data base contains roughly 650 values: differential cross-sections from MAMI 7 , GRAAL 10 , and JLab 11 , and the polarization asymmetry data from ELSA 8 and GRAAL 9 .
In the following, we compare the results of our models with different measured observables a .
a The differential cross sections from JLab 11 were kindly provided to us by B. Ritchie and M. Dugger and were included in our fitted data-base. However, given that these data have not yet been published by the CLAS Collaboration, we do not reproduce them here. Figure 1 shows our results at six of the CLAS data energies. At the lowest energies we compare our results with data from GRAAL and MAMI. As already mentioned, at the lowest energy the reaction mechanism is dominated by the first S 11 resonance and the data are equally well reproduced by the three models. At the next shown energy, E lab γ =0.975 GeV, we are already in the second resonance region and the model M 1 overestimates the data, while the models M 2 and M 3 improve equally the agreement with the data.
At E lab γ =1.175 and 1.275 GeV, the model M 1 underestimates the unshown JLab data (see footnote a). This is also the case at the two depicted highest energies, except at backward angles, where again the model M 1 overestimates the JLab data. The reduced χ 2 for this latter model is 6.5, see Table 1 . The most dramatic improvement is obtained by introducing a new S 11 resonance (Fig. 1, model M 2 ) , which brings down the reduced χ 2 by more than a factor of 2.
Finally the introduction of a new P 13 resonance (Fig. 1, model M 3 ) gives the best agreement with the data, though it does not play as crucial a role as the third S 11 resonance.
Predictions of those models for the total cross section, as well as results for the fitted polarizations observables are depicted in Figures 2 and 3 , respectively. These theory/data comparisons bolster our conclusions about the new resonances, without providing further selectivity between models M 2 and M 3 .
Here, we would like to comment on the values reported in Table 1 .
Mixing angles :
The extracted values for mixing angles θ S and θ D are identical for models M 2 and M 3 and differ by 3
• from those of the model M 1 . These values are in agreement with angles determined by Isgur-Karl model Third P 13 resonance: The above mentioned hypercentral CQM predicts also three P 13 resonances with M=1.816, 1.894, and 1.939 GeV. Finally a relativized pair-creation 3 P 0 approach 3 predicts four missing P 13 resonances in the relevant energy region with masses betwenn 1.870 and 2.030 GeV.
Concluding remarks
We reported here on a study of the process γp → ηp for E lab γ between threshold and ≈ 2 GeV, using a chiral constituent quark approach.
We show how the symmetry breaking coefficients C N * are expressed in terms of the configuration mixings in the quark model, thus establish a direct connection between the photoproduction data and the internal quark gluon structure of baryon resonances. The extracted configuration mixing angles for the S and D wave resonances in the second resonance region using a more complete data-base are in good agreement with the Isgur-Karl model 5 predictions for the configuration mixing angles based on the one gluon exchange, as well as with results coming from the large-N c effective field theory based approaches 20 . However, one of the common features in our investigation of η photoproduction at higher energies is that the existing S-wave resonances can not accommodate the large S-wave component above E lab γ ≈ 1.0 GeV region. Thus, we introduce a third S-wave resonance in the second resonance region suggested in the literature 17 . The introduction of this new resonance, improves significantly the quality of our fit and reproduces very well the cross-section increase in the second resonance region. The quality of our semi-prediction for the total cross-section and our results for the polarized target and beam asymmetries, when compared to the data, gives confidence to the presence of a third S 11 resonance, for which we extract some static and dynamical properties: M ≈ 1.776 GeV, Γ T ≈ 268 MeV. These results are in very good agreement with those in Refs. 4, 17, 19 , and compatible with ones in Ref. 18 . Finally, we find indications for a missing P 13 resonace 3,4 with M ≈ 1.887 GeV, Γ T ≈ 225 MeV.
